Background: Bone strength index (BSI) combines bone mineral and bone biomechanical properties to measure resistance to bending. This index may have greater clinical significance than the more often described markers of bone mineral content (BMC), areal density, or geometry alone and, in turn, may show a stronger relation to fracture risk. The BSI is the product of volumetric cortical bone mineral density (BMD) and cross sectional moment of inertia within a region of interest. Calculations combine dual energy x ray absorptiometry and magnetic resonance imaging technologies and provide a useful, non-invasive measure of in vivo bone strength. Objectives: (a) To compare BSI in adolescent female middle distance runners and age matched controls; (b) to examine factors predictive of BSI in adolescent girls. Methods: Twenty adolescent female middle distance runners (mean (SD) age 16 (1.7) years, physical activity 8.9 (2.1) hours a week) and 20 female controls (age 16 (1.8) years, physical activity 2.0 (0.07) hours a week) were recruited. To calculate BSI, a region of interest representing 10% of the middistal tibia was analysed for dual energy x ray absorptiometry derived BMC and was combined with bone geometry and biomechanical properties obtained by magnetic resonance imaging assessments. Potential predictors of BSI were also examined. Results: Independent t tests showed that BMC (p = 0.028), cortical bone volume (p = 0.002), volumetric cortical BMD (p = 0.004), cross sectional moments of inertia (p = 0.005), and BSI (p = 0.002) were higher in the distal tibia of athletes than of controls. The strongest predictor of BSI was hours of physical activity a week (R 2 = 0.46). Conclusions: Athletes habitually exposed to high training loads displayed greater BSI at the distal tibia than controls. The results further confirm BSI as a significant and discerning marker in musculoskeletal health in adolescent girls engaged in high and low mechanical loading.
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Bone mineral density (BMD) and bone geometry are strongly associated with ultimate bone strength. However, the positive effect of mechanical loading on bone geometry can be underestimated by dual energy x ray absorptiometry (DEXA) measurements. 8 An inability to accurately assess bone geometry from uniplanar DEXA derived data substantially detracts from DEXA based estimates of bone strength. 9 Previously 10 11 bone strength was examined from peripheral quantitative computed tomography, but participant exposure to undesirable levels of radiation is of considerable concern. In animal research, bone strength index (BSI), obtained by integrating peripheral quantitative computed tomography and DEXA data, was found to correlate more closely with actual fracture load than either BMD or CSMI alone. 12 Recently, cortical volumetric BMD and CSMI obtained from non-ionising magnetic resonance imaging (MRI) were combined with DEXA derived bone mineral content (BMC) to provide a useful, non-invasive measure of in vivo bone strength. Results showed that female adolescent athletes involved in weight loaded sport (running) had greater BSI at the mid-femur than athletes engaged in weight supported sports (swimming and cycling) and non-active controls. 7 Despite the tibia being a commonly reported site of injury in middle distance runners, 13 comparison of BSI at the distal tibia in highly trained female adolescent middle distance runners with non-active controls has not been reported. Habitual loading of the distal tibia may involve exposure to a combination of compressive and bending forces in elite adolescent middle distance runners.
The primary purpose of this study therefore was to compare distal tibial BMC, volumetric cortical BMD, CSMI, and BSI in elite level adolescent female middle distance runners with age matched controls. The secondary purpose was to examine factors predictive of BSI from dependent and independent variables including extensor and flexor muscle cross sectional area (CSA), lower limb muscular strength, calcium intake, body composition profiles, oestrogen concentrations, and hours of physical activity a week.
METHODS

Study participants
Forty female adolescents (aged 13-18 years) comprised two groups of middle distance runners (n = 20) and age matched controls (n = 20). Eligibility criteria included athletes who had averaged a minimum of six hours a week of training for the previous two years, at an elite level (state or national representation). Those in the control group had completed less than three hours a week of physical activity. Participants were white and in good health, with no recent (previous two years) hospital admissions, history of illness lasting more than two weeks, or coexistent disease or drug use that could interfere with bone parameters. Approval was obtained from the ethics committees of the Australian Catholic University and The Children's Hospital at Westmead, in Sydney. An investigator (DG) explained procedures and requirements before parents and participants provided written consent.
Procedures
Testing involved a three hour visit to the Children's Hospital.
Anthropometry
Body weight was measured using electronic scales accurate to 500 g (UW150; Wedderburn, Sydney, Australia), and standing height was measured to 0.1 cm using a standard stadiometer (UW150; Wedderburn). Axial, femoral, and tibial lengths were determined by DEXA (Prodigy; Lunar Radiation Corp, Madison, Wisconsin, USA). From a total body scan, the ruler function was used to measure axial length from skull base to symphysis pubis. Femoral length was measured from femoral head midpoint to the base of the femoral condyle, and tibia length was the distance between the proximal, medial tibial plateau, and the base of the medial malleolus. The coefficient of variation (CV) for measured sites ranged between 0.3% and 1.3% for the same investigator (DG).
Muscle strength
Strength was measured using a Cybex Norm isokinetic dynamometer (Lumex Inc, Ronkonkoma, New York, USA). Plantar flexion and dorsiflexion torque (N.m) of the dominant foot were measured at 60˚/s, after standard positioning and stabilising procedures for the torso, legs, and ankle. Peak torque values from five maximal continuous flexion and extension repetitions were used as the criterion strength measure.
Body composition and BMC
Total body fat and lean tissue mass (LTM) were measured using DEXA. A spine scan (thin) was used to measure distal tibial BMC (g). A region of interest (ROI) box was positioned distally between 20% and 30% of tibial length, using custom analysis. Distal tibial BMC CV ranged between 0.4% and 1.6% for the same investigator (DG). The Lunar Prodigy CVs for total body fat and LTM were ,1.0%.
Bone and muscle geometry
Bone geometry of the distal third tibia was measured using an MRI unit (1.5 T; Intera; Phillips, Best, the Netherlands). Participants placed their dominant leg in a manufacturer supplied knee coil for about 30 minutes. The distal third demarcation between the medial malleolus and the tibial tuberosity was located using a coronal scout scan. Contiguous transverse images of the distal third region were then acquired (T1 weighted spin echo, TR 525 milliseconds, TE 15 milliseconds, 60 63 60.3 mm). The image corresponding to 25% of tibial length was used as a reference point from which a 10% ROI was analysed (fig 1) . Tibial cortical and medullary CSA (mm 2 ) were measured for each slice over the entire 10% ROI, using Analyze software (Mayo Foundation, Rochester, Minnesota, USA; version 7.0) autotrace function. Individual tibial length determined the number of slices analysed. Volumetric measurements were calculated as the summed products of cortical CSA and slice thicknesses over the 10% ROI. Extensor, flexor, and total muscle CSA (mm 2 ) were measured at the mid slice of the 10% ROI. Intrainvestigator CSA CVs ranged from 0.6% to 4% (n = 40).
Biomechanical variables
CSMIs were calculated using Scion software (Frederick, Maryland, USA; version Beta 3B) and a customised algorithm. Analyses involved the distal, mid, and proximal slices of the 10% ROI. The average principle axis value of the three slices was used to calculate an average CSMI over the entire 10% ROI. 7 Intrainvestigator CSMI CV was 0.6-1% (n = 15).
Bone strength index
BSI of the 10% ROI was determined using a previously published equation 12 : BSI = CSMI 6 volumetric cortical BMD DEXA derived distal tibial BMC (g) was divided by MRI derived distal tibial cortical bone volume (cm 3 ) to obtain volumetric cortical BMD (g/cm 3 ). Thus BSI quantifies both the accumulation of bone mass and its distribution within bone.
Pubertal status, menstrual history, and oestrogen concentration Pubertal status was determined using self reported assessment of Tanner stage for pubic hair and breast development.
14 Menstrual history was determined by a questionnaire that included age at menarche and number of menses in the previous 12 months. Menses was coded into three categories; premenarcheal, age related oligomenorrhoea (onset of menarche within past six months), and eumenorrhoea (more than nine cycles a year). 15 Oestrogen concentrations were measured using an ultrasensitive assay (pmol/l) with an intra-assay CV of ,3.0% from samples of blood collected on the day of testing. Testing did not coincide with stage of menstrual cycle.
Physical activity and injury history
Duration and type of physical activity were estimated using Bouchard's physical activity record. 16 Participants completed a medical and injury history questionnaire. Medical treatment, drug use, and number of weeks absent from training and/or competition during the previous 12 months were included from retrospective recall.
Intake of macronutrients and calcium
A three day food diary was completed by participants for two week days and one weekend day. Dietary analysis used Foodworks software version 2.1 (Xyris Software, Highgate Hill, Queensland, Australia).
Statistical analysis
After tests for normality, independent t tests determined between-group differences. Relations between BSI, selected descriptive statistics, and other variables were determined by bivariate correlation analysis (Pearson correlation coefficient) for combined groups. Multiple linear regression assessed the contribution of strongly correlated variables to BSI. Analysis of covariance determined the independent effects of LTM and fat mass on group differences in BSI. Group sample size was based on observed effect sizes for site specific measures of areal BMD (g/cm 2 ) ranging from 0.5 to 2.0 SD in cross sectional studies involving healthy adolescents. 17 18 A sample size of 20 participants in the athlete and control groups was expected to detect significant differences at p,0.05 with a statistical power of 80%. Statistical analysis used SPSS version 11.5 (SPSS Inc, Chicago, Illinois, USA). , p = 0.002), and fat mass (211.3 (1.9) kg, p = 0.001). Athletes were also taller (+3.9 (1.7) cm, p = 0.030), consumed more calcium (+572.7 (201.2) mg, p = 0.007), had greater LTM (+5.48 (1.2) kg, p = 0.001), and engaged in more hours of physical activity a week (+6.9 (1.07) hours, p = 0.001) than non-athletic controls. The greater height in athletes compared with controls was explained by greater femoral length (p = 0.03), not tibial (p = 0.06) or axial length (p = 0.91). No between-group differences were observed for age, plantar flexion or dorsiflexion torque at the ankle, age at menarche, menstrual status, or oestrogen concentration (p.0.05). Menstrual status in athletes showed categorical distributions of 10% premenarcheal, 30% with age related oligomenorrhoea and 60% with eumenorrhoea. Similarly, the relative distribution for the three categories of menstrual status in the control group was 8% premenarcheal, 30% with age related oligomenorrhoea and 62% eumenorrhoea. Pearson x 2 analysis showed no differences in menstrual status between groups (p.0.05). Table 2 presents absolute values for distal tibial BMC, BMD, and cortical volumetric BMD. Athletes displayed greater BMC (+0.95 (0.4) g, p = 0.028), BMD (+17.88 (5.3) cm 3 , p = 0.002), and volumetric density (+1.18 (0.54) g/cm 3 , p = 0.034) at the 10% ROI than controls. Table 3 shows total, cortical, and medullary CSA, CSMI, BSI, and total muscle, extensor, and flexor CSA for the entire 10% ROI. Athletes had greater tibial cortical bone (+27.23 (9. Figure 1 illustrates distal tibial ROI and CSMI. Table 4 presents bivariate correlations between measures of BSI and selected descriptive and independent variables. Hours of physical activity a week, total muscle CSA, LTM, and extensor and flexor muscle CSA correlated with BSI (p,0.01). No other significant correlations between BSI and selected descriptive variables emerged. Multiple regression analysis was used to determine the strongest predictive factors of variability in BSI. Hours of physical activity a week, total muscle CSA, and LTM explained 58% of the variance in BSI for combined groups (n = 40). The regression equation was: BSI = 224992.4 + (2635.03 6 hours of physical activity a week) + (20.03 6 total muscle CSA) + (1.502 6 LTM) giving R 2 = 0.58. Analysis of covariance was used to adjust for differences in LTM and fat mass between athletes and controls. Group mean differences in BSI were reported after covariation for fat mass (p = 0.011) but not LTM (p.0.05).
RESULTS
Descriptive characteristics
Bone mineral properties
Geometry and biomechanical and bone strength variables
DISCUSSION
This is the first study to report differences in structural and material bone properties between two groups of adolescent girls exposed to different mechanical loading. Specifically, athletes displayed greater BSI, CSMI, cortical bone CSA, total and extensor muscle CSA, volumetric cortical BMD, and BMC at the distal tibia. They also displayed smaller medullary cavity CSA than controls, but the two groups did not differ in total tibial CSA or tibial length. When BSI data were controlled for fat mass, greater BSI in athletes remained. However, no between-group differences in BSI were found after covariation for LTM. Body composition profiles of athletes showed greater LTM and less fat mass than controls.
To our knowledge, only two studies 7 20 have combined MRI with DEXA derived data to examine bone strength in children and adolescents. Loaded versus non-loaded humeral bone strength in prepubertal, peripubertal, and postpubertal female tennis players revealed a proportional increase in periosteal apposition and endocortical resorption versus the contralateral limb only in prepubertal athletes. Cortical bone further from the neutral axis increased humeral resistance to bending, so the observed growth related changes made the bones of prepubertal tennis players stronger. Loading associated with the postpubertal years, however, increased endocortical apposition and contributed less to humeral bone strength. 20 In the present study, greater endocortical apposition in athletes was also apparent in the distal tibia of athletes, despite similar total tibial CSA in the two groups. Increased cortical thickness and a narrowing of the medullary cavity, however, promoted bone strength in athletes, as evidenced by greater CSMI than the controls. Although endocortical apposition confers a smaller biomechanical advantage than periosteal apposition, greater cortical thickness still confers a biomechanical advantage and may protect against future age related endocortical resorption. 1 In the present study, the number of hours of physical activity a week was the strongest predictor of BSI. Our results add to previous intervention and cross sectional studies assessing the effects of physical activity on bone strength in children, 1 4 6 adolescents, 7 and young adults. 8 11 No previous studies have examined the link between physical activity and BSI at the distal tibia. Impact forces and training intensity associated with middle distance running were not measured in this study. However, athletes engaged in four times the number of hours of physical activity a week than controls, and activity accounted for over 57% of the variance in BSI.
Bone strength in adolescent female athletes engaged in either weight bearing or non-weight bearing sports has also been examined at the mid-femur using a three dimensional technique. 7 Results revealed a positive association between mid-femur bone strength and weight bearing activity. Differences in BSI among athletic groups, however, were associated with differences in CSMI (geometry) and not bone material, with cortical volumetric BMD similar between the groups. In contrast, the bone material of athletes in our study showed greater cortical volumetric BMD than non-athletic controls as well as advantages in geometry, despite similar tibial lengths. In addition to bending forces experienced at the distal tibia, 21 considerable axial, compressive loading may be inherent in training for middle distance running in female adolescent populations. Compressive loads may provide a greater osteogenic stimulus for accumulation of bone material than forces experienced at other sites in the body and in other weight bearing sports.
DEXA based hip structural analyses 4 6 have previously described influences of mechanical loading and bone strength. In this study, assumptions of cylindrical bone shape and estimates of cortical thickness inherent in DEXA based calculations were not necessary. MRI enabled accurate measurement of bone compartment CSA and volume. By combining MRI with BMC from DEXA, between-group differences in true cortical volumetric BMD for the entire mid-distal tibial region were precisely quantified.
Results from this study also support the muscle-bone unit paradigm. 22 A functional muscle-bone relation is based on the assumption that loading effects on muscle also influence bone. Muscle forces place greater loads on bones than gravitational forces associated with weight bearing activity. As muscle strength correlates with muscle mass, bone strength, theoretically, should correlate with muscle CSA and LTM. 6 Previous studies, [22] [23] [24] however, have examined the effect of muscle force on surrogates of bone strength, such as BMC and BMD, rather than the combined influence of bone material and structural properties. In this study, the positive influence of LTM on BSI was evident after covariation for fat mass, with athletes displaying greater mid-distal tibial BSI. In contrast, when the influence of LTM on BSI was controlled, between-group differences were not evident. Furthermore, total muscle CSA, LTM, and extensor and flexor muscle CSA were strong correlates of BSI. Our results support previous findings of moderate to strong site specific correlations in lower limb bone strength with muscle CSA in young adults. 21 Further investigation of the muscle-bone unit is needed using bone strength, rather than BMD as an outcome variable among adolescent sporting populations.
The cross sectional design of this study cannot discount the potential influence of selection bias, genetics in bone material and structural outcomes, and even trainability among groups. Furthermore, bone adaptation to mechanical loading is site specific. Assessment of an ROI at the distal tibia does not represent the entire tibial response to mechanical loading. 19 Assessment of bone strength in middle distance runners at additional sites exposed to bending and compressive loads would advance our understanding of total body musculoskeletal adaptations in adolescent sporting populations.
In conclusion, this study compared bone material and structural properties in elite adolescent female middle distance runners with age matched controls. Athletes displayed greater BSI, CSMI, cortical bone CSA, total muscle and extensor muscle CSA, volumetric cortical BMD, and BMC at the distal tibia than non-athletes. Similarly, total muscle and extensor muscle CSA were greater in athletes than controls and contributed to variability in BSI. Importantly, our findings show a positive association between hours of physical activity a week, and tibial bone material (volumetric cortical BMD) and bone biomechanical indices (BSI and CSMI) of musculoskeletal health in adolescent girls involved in middle distance running. It appears that physically active adolescent girls are advantaged in bone strength at the distal tibia compared with non-active controls.
What is already known on this topic N Skeletal health is strongly influenced by acquisition of bone mass and geometry during childhood and adolescence.
N Animal research has shown that BSI is a better measure of fracture load than variables such as BMD.
N Female adolescent athletes involved in weight loaded sport (running) have greater BSI at the mid-femur than athletes engaged in weight supported sports (swimming and cycling) and non-active controls.
What this study adds N Athletes exposed to high training loads display greater BSI at the distal tibia than controls.
N BSI is confirmed as a discerning marker of musculoskeletal health.
Furthermore, high impact loading in gymnastics, soccer, weightlifting, and racket sports is associated with an even higher regional BMD. The higher BMD is the result of surface specific periosteal modelling increasing bone size and endosteal (endocortical, trabecular, intracortical) surface modelling and remodelling producing thicker cortices, all changes of importance for bone strength. Whether the cortices are less porous, because of fewer or smaller haversian canals, is uncertain as is whether exercise results in thicker or more trabeculae. In addition, the changes in the skeleton may be sex, maturation, and region specific related to physical activity, and also different types of physical activity may provoke different skeletal responses. This study highlights, by use of magnetic resonance imaging and dual energy x ray absorptiometry, not only the changes in BMD with exercise but also structural changes in the skeleton of the lower extremity. The most compelling evidence for a beneficial effect of exercise on bone mineral density (BMD) is found during growth. Prospective, controlled studies have shown that even moderate exercise increases BMD during growth, predominantly during the prepubertal and peripubertal years. bmjupdates+ bmjupdates+ is a unique and free alerting service, designed to keep you up to date with the medical literature that is truly important to your practice. bmjupdates+ will alert you to important new research and will provide you with the best new evidence concerning important advances in health care, tailored to your medical interests and time demands.
Where does the information come from? bmjupdates+ applies an expert critical appraisal filter to over 100 top medical journals A panel of over 2000 physicians find the few 'must read' studies for each area of clinical interest Sign up to receive your tailored email alerts, searching access and more… www.bmjupdates.com
